A segment of Escherichia coli DNA that contained a discontinuity of homology with Salmonella typhimurium DNA was isolated. The segment, 1,430 base pairs long, was derived from one end of the lac "loop," a region of about 12 kilobase pairs of E. coli DNA, including the lac operon which has no detectable homology with S. typhimurium DNA (K. Lampel and M. Riley, Mol. Gen. Genet. 186:82-86, 1982 Fig. 1 (3, 8, 24, 26) , and the codA and phoA genes of E. coli have no counterparts in the S. typhimurium genome (3, 26, 29) . The size and extent of both the lac and argF loops have been determined previously (12, 15, 35) . The dimensions of the other loops have not been established.
In addition to simple point mutations, large-scale genetic rearrangement events seem likely to have occurred during evolution of bacterial DNA. One type of large-scale event is the addition or deletion of segments of DNA. In a comparison of the genetic maps of Escherichia coli K-12 and Salmonella typhimurium LT2, it has been suggested that there are 12 to 13 locations in each genome in which there is an excess of DNA (called a "loop") in one genome relative to the other in the size range of 30 to 200 kilobases (kb) (22) . Many of these loops include genes that are present in one bacterium but not in the other. Thus, the presence or absence of some metabolic characteristics in a bacterial genus may have come about in the course of evolutionary divergence by either the uptake or deletion of the relevant chromosomal genetic information. The presence of the la( operon in E. coli and its absence in S. typhimiuriuim is one such example. To learn more about the molecular mechanisms in this type of DNA rearrangement, we undertook a comparative study of the lac region of the E. coli genome and the corresponding region of the S. typhimuiriuim genome.
According to the two genetic maps (3, 26) , there is about 75 kb of excess DNA in the E. (0oli genome relative to the S. typhimurium genome between the gpt and proC genes. In previous work, it has been shown that the excess E. (oli DNA in this region does not constitute simply one large loop of E. coli DNA that lacks homology to S. typhimurilum DNA, but instead there are several smaller loops between the gpt and proC genes. The relationship between the two DNAs is diagrammed in Fig. 1 . One of the loops is about 12 to 13 kb of DNA, including the lac operon, that has no counterpart in the S. typhimurium genome (15) . Another loop is about 12 kb of DNA that includes the argF gene and two copies of the insertion sequence IS] (12, 35) . Other nonhomologous segments are present in this region. The newD and supQ genes of S. typhimurium have no counterparts in the corresponding parts of the E. coli genome (3, 8, 24, 26) , and the codA and phoA genes of E. coli have no counterparts in the S. typhimurium genome (3, 26, 29) . The size and extent of both the lac and argF loops have been determined previously (12, 15, 35) . The dimensions of the other loops have not been established.
To learn more about the E. coli lac loop and the molecular mechanism of its formation, we undertook this study to isolate DNA from the ends of the loop and to determine the nucleotide sequence of a fragment of DNA in which a discontinuity of homology with S. typhimuriuim DNA was detected.
MATERIALS AND METHODS Cloning and DNA manipulation. The source of E. coli DNA fragments was pFB140, a previously described plasmid that carries the lac operon and flanking DNA (5, 15) . Vectors were either the pBR322 plasmid (4) (2) .
Determination of nucleotide sequence. The dideoxynucleotide chain termination method was used (27) in conjunction with a 15-mer universal primer for M13 sequences, which was obtained either from P-L Biochemicals or Bethesda Research Laboratories; supplier protocols were utilized.
RESULTS
Location of the discontinuity in homology at each end of the lac loop. In previous experiments, it has been shown that discontinuities in homology between E. coli and S. typhimurium chromosomal DNAs exist on either side of the E. coli lac operon, defining the approximate positions of the ends of an unpaired loop of about 12.5 kb of E. coli DNA that includes the lac operon (15) . The two ends of the lac loop were located within two restriction enzyme fragments by Southern hybridization experiments. S. typhimurium chromosomal DNA was used as a probe to hybridize with digests of a plasmid that carried E. coli DNA from the lac region.
Relevant restriction sites in the E. coli lac region, as determined by Chaconas et al. (5) and in this laboratory, and the position of the lac operon are shown in Fig. 2 . The partial homology that is characteristic of E. coli and S. typhimurium chromosomal DNAs was observed on either side of lac, ending within a 4.7-kb PviII fragment on the left of lac and resuming within a 4.4-kb PstI fragment on the right of lac (Fig. 2) . To refine these approximate locations for the two junctions at either end of the lac loop (15), restriction fragmnents from each end of the lac loop were subcloned. The 4.7-kb PvuII fragment was divided with PstI into two fragments of about 1.4 and 3.2 kb. Each fragment was fitted with PstI linkers and was subcloned into the PstI site of M13mp8 phage. The other junction fragment, the 4.4-kb PstI fragment, was inserted into the PstI site of pBR322 and was named pPG100.
To determine whether the leftward junction resided in the translation, and each was used as a probe to hybridize to Sall digests of S. typhimuriuim chromosomal DNA that were subjected to gel electrophoresis and transferred to a nitrocellulose filter. The 3.2-kb E. coli DNA probe hybridized to two Sall fragments of S. typhimurium DNA, a 4.3-and a 3.2-kb fragment, whereas the 1.4-kb probe hybridized only to the 3.2-kb Sall fragment (data not shown). Thus, the junction was shown to lie within the 1.4-kb fragment. Homology relationships between these restriction endonuclease fragments of E. coli and S. typhimurium DNAs are shown schematically in Fig. 3 .
To locate the position of the junction within the 1.4-kb fragment and to prepare for nucleotide sequencing, the 1.4-kb DNA was further fragmented and subcloned. A set of deletions within the 1.4-kb insert in the M13 phage was prepared as described above; they differed from one another by no more than 200 bp. In addition, a set of random fragments was subcloned. The 1.4-kb fragment was isolated preparatively and was digested with either TaqI or HpaII endonucleases; the resulting fragments were subcloned into the AccI site of M13mp8 phage replicative form DNA.
To locate the position of the junction within the 1.4-kb sequence of E. coli DNA, the whole fragment, determined to be 1,430 bp (see below), as well as M13 phages that contained selected TaqI subclones and deletion derivatives, each were 32P-labeled and used as probes to hybridize to restriction endonuclease digests of S. typhimurium chromosomal DNA. When the 1,430-bp fragment was used as a probe, the homologous fragments in both Sall and PstI digests of S. typhimurium chromosomal DNA were identified, and their sizes could be determined. The Sall fragment, confirming the previous determination, was 3 coli DNA to restriction endonuclese digests of S. typhimurium LT2 DNA. Selected subclones of the 1,430-bp fragment, both deletion derivatives and Taql subclones, were prepared as replicative form and were 32P-labeled by nick translation to be used as probes. Sall and Pstl digests of S. typhimurium chromosomal DNA were subjected to agarose gel electrophoresis and were transferred by covalent linkage to diazobenzyloxy methyl paper. Sequentially, in random order the 32P-labeled probes were hybridized with the paper-bound S. typhimurium digests. After obtaining each autoradiogram, the probe was eluted, and the paper was hybridized to another probe. Persistence of the paper-bound S. typhimurium DNA at the conclusion of the experiment was shown by ending the series with a probe giving positive results. Each of the five panels is identical with respect to S. hybridized to the S. typhimurium DNA, and some rendered no detectable hybridization (Fig. 4) . Probes containing DNA from the first third of the 1.4-kb fragment on the side nearest proA gave positive hybridization results, whereas DNA fragments derived from the two-thirds of the fragment toward lac and proC genes did not hybridize. In Fig. 5 , the results of this series of hybridization experiments are summarized and diagrammed. The junction lies within the set of nucleotides that are present in fragment W5, but not in fragment W44.
Nucleotide sequence of the 1.4-kb fragment. The set of deletion derivatives and some of the TaqI and HpaII subclones of the 1.4-kb fragment were used in nucleotide sequencing reactions to generate sequences of blocks of nucleotides that were assembled into overlapping arrays that provided the complete sequence of the 1,430-bp segment (Fig. 6) .
By correlating the sequence information for individual fragments with the hybridization results (Fig. 4) , we found that fragment W5, which hybridized slightly with S. typhimurium DNA, ended at nucleotide 470, and fragment W44, which gave no detectable hybridization, began at nucleotide 543. Therefore, the junction on the proA side of lac seems to lie between nucleotides 470 and 543 (Fig. 5) .
The 73-bp nucleotide sequence that appears to include the junction was examined for similarities to sequences in the terminal repeats of known insertion sequences, transposons, and invertible segments. The nucleotide sequence compari were applied, and both the 73-bp sequence and its comaplement were employed. At all settings, the closest matches were found in the sequences at the site of inversion of the hin segment of S. typhimurium and in a sequence that lies near the inside end of the terminally repeated arms of TnS. The similar sequences that were revealed by the search are displayed in Fig. 7 .
Relationship to the junction at the proC side of the lac loop.
An attempt was made to detect homology between the junction fragments from the two ends of the lac loop. The 1,430-bp fragment was 32P-labeled to be used as a probe to hybridize to filter-bound restriction enzyme digests of the plasmid pPG100 that carried the 4. (Fig. 4 and 5 ). Within these 73 nucleotides, a 13-bp sequence was identified that is closely similar to sequences that are present at or near locations that participate in sitespecific recombination (Fig. 7) . The sequences from the hin region of the S. typhimurium chromosome, hix, are the inverted repeat sequences on either side of the hin segment at the sites of crossover recombination that result in inversion of the hin segment (31) . Similar sequences, gix and cix, participate in site-specific inversion of the G-segment in phage Mu and the C-segment in phage P1 (10, 13, 33) . E. c oli has a determinant, pin that recognizes and effects recombination at these and similar sequences (19) (25) . The consensus sequence of the nonamer from immunoglobulin joining sites was taken from Tonegawa (34) . Selected sequences at the lac junction are shown (see Fig. 5 ).
between two copies of the crossover sequence is known not only to cause inversions but also, depending on the location and orientation of the sequences, to cause integration of one DNA element into another, resulting in plasmid fusion (14, 30 (34) .
Like the S. typhiminriiim hin inversion sequences, the 13-bp lac junction sequence strikingly resembles this nonamer (Fig. 7) . Resemblance to the heptamer is somewhat less striking but may still be significant. The right-hand hin inversion site has a sequence CACAGGT at a distance of 23 bp upstream (31) , whereas the lac junction has a sequence ACCCGTG 20 bp upstream, of the 13-bp sequence (Fig. 6) .
The similarity of nucleotide sequences at one of the junction points of the lac loop to the sequences at the point of inversion in the hin, cin, and pin systems suggests that similar enzymatic mechanisms are responsible for rearrangement and acquisition of DNA in each of these instances. The similarity of these procaryotic sequences to those of the immunoglobulin-joining sequences suggests that there may be some common features in the molecular mechanisms of rearrangement of certain procaryotic and eucaryotic DNAs.
It seems quite possible that the lac region was inserted into the E. coli chromosome by a site-specific recombination event at some time in the evolutionary past, perhaps by transposition fromn a visiting plasmid or Perhaps one of the two necessary sequences has been lost by mutation.
The source of the original enteric lac operon and its flanking DNA is not known. Plasmids bearing lac genes have been found frequently in enteric bacteria (7, 9, 16, 20) . The lac plasmids that have been examined do not have a lacA gene, but the remaining lac genes of the operon are similar to the lac genes of E. coli (9, 20) . Hybridization studies have shown that the lac genes of 11 independently isolated plasmids, including the plasmid pGC1 that carries the wellstudied lac transposon Tn951, were homologous with E. coli lac genes (6, 7). However, homology was not found between the DNA on both sides of the lac in the plasmids and the corresponding flanking DNA in E. (coli. Therefore, a contemporary plasmid has not been identified that carries a transposon that could have been the source of the 12-kb E. coli lac loop.
